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ABSTRACT

AN ANALYSIS OF MICROSTRUCTURE AND CORROSION
RESISTANCE IN UNDERWATER FRICTION
STIR WELDED 304L STAINLESS STEEL

Tad D. Clark
Department of Mechanical Engineering
Master of Science

An effective procedure and parameter window was developed for underwater friction stir
welding (UWFSW) 304L stainless steel with a PCBN tool. UWFSW produced
statistically significant: increases in yield strengths, decreases in percent elongation. The
ultimate tensile strength was found to be significantly higher at certain parameters.
Although sigma was identified in the UWFSWs, a significant reduction of sigma was
found in UWFSWs compared to ambient FSWs.

The degree of sensitization in UWFSWs was evaluated using double loop EPR testing
and oxalic acid electro-etched metallography. Results were compared to base metal,
ambient FSW, and arc welds. Upper and lower sensitization localization bands were
identified in the UWFSWs. Although higher sensitization levels were present in
UWFSWs compared to the arc weld, ambient FSW, and heat treated base metals, the
UWFSWs were found less susceptible to corrosion than arc welds due to the subsurface
location of the sensitization bands.

A SCC analysis of UWFSWs relative to base metal and arc weldments was performed.
U-bends were exposed to two 3.5% NaCl cyclic immersion experiments at 21 oC and 63
o

C for 1000 hours each. A tertiary test was conducted in a 25% NaCl boiling solution.

The UWFSW u-bends were no more susceptible to SCC than base metal in the cyclic
immersion tests. In the boiling NaCl test, the SCC of the UWFSWs showed significant
improvement over the SCC of arc welds. Arc u-bends cracked entirely within the weld
bead and HAZ, while SCC in the UWFSWs showed no cracking localization.
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I. Introduction and Background
A. Corrosion
The annual cost of corrosion in the United States alone was estimated at $70 billion in the
most comprehensive study on the economic cost of corrosion in 1976.1 The study was
merely a direct economic estimate of corrosion costs and did not include perhaps even
more costly, indirect expenses such as: plant downtime, loss of product, loss of
efficiency, contamination, overdesign, human life and safety.2
1. Austenitic Stainless Steels
At high temperatures, the face centered cubic (fcc) crystal structure of iron is stable and
the term used to describe this phase is austenite.3 Nickel is added to steel in order to
retain the fcc structure to room temperature and below. Chromium alloying enhances
corrosion resistance. Above 12% chromium, steel is considered stainless steel.
Austenitic stainless steels are approximately 6-20% nickel and 18-30% chromium.
Austenitic stainless steels are estimated to account for more than 70% of production of
stainless steels.

The standard level of carbon in austenitic stainless steels is 0.03-0.08 wt. %. High and
low carbon versions of several grades are readily available and widely used. The high
carbon grade is used to designate carbon levels of 0.04-0.10 wt. %. Carbon levels at or
below 0.03 wt. % denote a low carbon version. High carbon grades are often employed
where harder, wear resistant, or high temperature applications exist. Low carbon
stainless steels such as 304L are routinely used where intergranular corrosion is of
1

concern.4 Developed for nuclear applications, type 304L stainless steel is widely used
throughout industry.5
2. Stress Corrosion Cracking
All metals are vulnerable to Stress Corrosion Cracking (SCC).6 SCC is a form of
corrosion which is accelerated by stress. In order for SCC to occur, three conditions must
exist: a susceptible microstructure, a tensile stress component, and a critical
environment.5 Frequently, when steels are utilized in liquids, there are often chlorides
present. If elevated temperatures are also present, there is a high risk that low alloyed
stainless steels will fail due to stress corrosion cracking.7 Stainless steel types 302, 304,
304L and 305 alloys are the most prone of the austenitic stainless steels to chlorideinduced stress corrosion cracking because of their relatively low nickel content.6 Figure
1 shows laboratory results where SCC occurred for AISI 304L in conditions above the
dotted line.

Boiling, evaporation, elevated temperatures, and variations in loading can all greatly
magnify the rate of SCC. Better understanding the causes, methods, effects, and
prevention of SCC have been subjects of considerable research over the past 30 years.7-22

2

Figure 1. SCC laboratory results for AISI 304L23

The U-bend has become a widely adopted, standardized method of testing for Stress
Corrosion Cracking (SCC) in a variety of materials.7,13,19,20 Testing is performed through
bending specimens into a U-shape and maintaining tension via an insulated tie bolt. A
constant strain is sustained throughout the radius of the bend. These samples are then
held in a corrosive environment for a specified time. Various testing techniques are used
with u-bends to determine the materials susceptibility to SCC.
3. Sensitization
Sensitization to Intergranular Corrosion (IGC) in stainless steels occur due to a thermal
treatment as grain boundary carbides form leaving chromium depleted regions adjacent to
the grain boundaries.1 Sensitization typically takes place in austenitic stainless steels in
the temperature range of 427 to 870 oC. As the carbon content of the steel is reduced,
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such as it is in 304L, the amount of time that is required for sensitization to occur within
the sensitization temperature range increases.1
3.1 Oxalic Acid Electro-etch Testing
One method of evaluating degree of sensitization in stainless steels is by electro-etching
with a 10% oxalic acid solution as outlined in ASTM A262.24 The oxalic test is a
valuable tool in assessing both sensitization levels and locations in susceptible materials.
The greatest weakness of the oxalic test is its deficiency in quantification. Grain
boundaries are classified into one of the following three criteria:
1. Step- steps between grains, no ditches at grain boundaries
2. Dual- some ditches at grain boundaries, but no grain completely surrounded by
ditches
3. Ditch- one or more grains completely surrounded by ditches4

The grain boundaries are easily qualified into one of the above classifications but little
indication is made into quantifying how sensitized one structure of the same classification
is to the next. To better ascertain a more exact valuation of sensitization levels,
Electrochemical Reactivation (EPR) tests were devised.
3.2 Single Loop EPR Testing
The method described in ASTM G108 as well as early work conducted by Clarke, et al.,
is known as the single loop EPR test (Figure 2).25-27 The single loop EPR test has several
shortcomings. First, it requires tedious polishing of samples before testing (1 μm surface
finish). Second, time consuming, and often erroneous, grain size measurements are
necessary in order to normalize maximum currents. And third, Majidi, et al. found that
nonmetallic inclusions significantly affected pitting behavior in single loop testing which
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ultimately affect recorded current values and overall test accuracy.28 Because of these
problems, an easier to perform and more accurate double loop test was discovered by
Akashi, et al., in 1980.29

Figure 2. Schematic of single loop EPR testing 25

3.3 Double Loop EPR Testing
The primary difference between single and double loop testing is the reverse scan from
passivation back to open circuit potential (Figure 3). Sensitization evaluation is assessed
through the maximum currents for each loop. The peak anodic current is referred to as Ia
and the peak reactivation current is defined as Ir. The degree of sensitization in these
tests is defined by the ratio of Ir/Ia. The evaluation criteria of this ratio for 304 and 304L
stainless steels along with the corresponding oxalic etch structures are shown in Table 1.
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Figure 3. Schematic of double loop EPR testing showing anodic and reverse scans with
corresponding peak current values Ir and Ia.28

Table 1. Double loop EPR evaluation criteria with corresponding oxalic acid etch structure for 304
and 304L stainless steels. 28

Oxalic Acid
Etch
Structure
Step
Dual
Ditch

Double Loop
(Ir/Ia Ratio)
≤0.001
0.001 to 0.05
>0.05

The double loop test offers several advantages over the single loop test. First, samples no
longer need to be polished to 1 μm surface finishes. The minimum required surface
finish is 100 grit. This is made possible through the cleaning nature of the first (anodic)
loop of the double loop test. The metal layer formed by grinding and polishing is
dissolved in the first loop. Second, grain size measurements are no longer necessary in
the double loop test.28 Third, double loop testing exhibits superior reproducibility as it is

6

not as sensitive to nonmetallic inclusions, scan rate, or activator concentrations.28 Majidi,
et al., found the double loop EPR test to be very reproducible as long as temperature,
solution composition, and scan rate were carefully controlled.28

Park, et al. used the double loop EPR test on friction stir welded (FSW) 304 stainless
steel.30 A relatively low degree of sensitization was found through double loop EPR
testing in the Heat Affected Zone (HAZ). In this study, the advancing side of the FSW
showed a significantly higher degree of sensitization than the retreating side. According
to Park, et al. this was attributed to the formation of sigma phase during welding.
4. Sigma
Sigma phase, or FeCr, is a brittle, hard precipitate thought to form in the ferrite of
stainless steels when held at temperatures of 500-950 oC. Similar to sensitization, sigma
phase is formed when chromium is allowed to diffuse away from its given location within
the grains. Although the sigma phase itself is quite resistant to corrosion attack, the
regions immediately adjacent to sigma are left deficient of chromium and more
susceptible to corrosion. Sigma formation exacerbates SCC as well as leaving regions
susceptible to sigma embrittlement.
B. Welding of Austenitic Stainless Steel
1. Traditional Welding Metallurgy
Austenitic stainless steels typically exhibit good weldability. However, solidification of
predominantly austenitic stainless steels is often prone to hot cracking. The low thermal
conductivity and high thermal expansion of austenitic stainless steels exacerbates the
effect of hot cracking. The hot cracking in fully austenitic weld beads can also act as
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fatigue initiation sites and give rise to crevice corrosion.21 Hot cracking is often
minimized by using filler materials containing 5-10% ferrite, careful control of heat
input, and multiple passes to build up the weld.

The delta ferrite in austenitic stainless steels provides a preferred path for corrosion
cracking. Delta ferrite is a detriment in the presence of hydrogen where hydrogen
embrittlement and hydrogen induced cracking occur more readily.
2. Traditional Underwater Welding
Underwater welding is typically divided into two categories: wet welding, where the
weld process is carried out under the water, exposed to the water environment; and dry
welding, where a sealed chamber is placed under the water level and the weld is
performed in a desiccated environment.

Metallurgically, the wet welding process is comparatively complex because it involves
all the variables associated with welding above water plus those variables peculiar to
welding underwater.31 Some problems specific to underwater welding include: rapid
quenching, hydrogen and oxygen absorption, and arc instabilities.32 As a result of these
difficulties, attempts have been made to investigate underwater friction welding.
2.1 Underwater Friction Welding
Previous attempts at underwater friction welding involved discontinuous processes. Two
such examples are 1) friction stud welding and 2) friction stitch welding.33
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Many of the problematic microstructures associated with conventional underwater
welding are avoided though friction welding. One of the main advantages of friction
welding is the absence of an arc, and hence no instability as a function of depth. The
problematic microstructures caused by liquid state welding are generally eliminated
through friction welding. As an autogenous process, underwater friction welding
requires no shielding gases, weld consumables, or special filler metals. Friction welding
can theoretically be used at any depth that automated equipment, being employed to
perform the weld, is capable of handling.
3. Friction Stir Welding
Incorporation of frictional heat as a means of solid phase welding dates back to over a
century ago in United States Patents. 34-36 The process of Friction Stir Welding (FSW)
was first patented in December of 1991 by The Welding Institute (TWI).37

Initial applications of FSW were limited to relatively soft materials such as aluminum,
zinc, magnesium, and copper. FSW has achieved satisfactory products with better
mechanical properties and better cost efficiencies than conventional fusion welding
techniques.38 In recent years, FSW has seen applications in higher temperature materials
such as titanium and steels.34-35 The realization of FSW in these harder materials is
primarily due to innovations in the strength, materials, and design of the tooling used to
perform the friction stir welds.

Tool designs in tungsten-rhenium and Polycrystalline Cubic Boron Nitride (PCBN) are
two of the most successful materials being used. FSW with PCBN tools have produced
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sound, high strength welds in low carbon steels, stainless steels, high strength low alloy
(HSLA) steels, and nickel based alloys. 34-35, 38-48

The process of friction stir welding is performed using a welding tool which features a
shoulder and a central pin (Figure 4). As the tool spins, the pin is plunged into the butted
joint of the workpiece. The shoulder of the tool reconsolidates the material behind the
pin. As the tool continues to rotate, the tool is gradually moved forward at a given feed
rate. The frictional heat produced by the tool/workpiece interface causes the softened
material at the leading edge of the weld to move towards the trailing edge of the weld.
Here it consolidates and joins together forming the weld. The entire FSW process occurs
in the solid phase.

Figure 4. Illustration of Friction Stir Welding Process

Friction stir welding is advantageous over previous friction welding processes in offering
the ability to perform a continuous, uninterrupted weld similar to that of traditional
welds. This is in contrast with the time intensive procedure of processing finite circles
and attempting to link them together through overlapping circles as performed in
previous friction welding techniques.
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To the author’s knowledge, the application of friction stir welding to underwater welding
has never been investigated outside of this analysis. Underwater Friction Stir Welding
(UWFSW) could offer industry and society many potential benefits as a viable means of
efficient underwater solid state welding.

11
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II. Objective
The objective of this study is to investigate the potential and benefits of the UWFSW
process. It is anticipated that the friction stir welding parameters producing sound welds
underwater in 304L using a PCBN tool will be acquired. In conjunction with the process
window development, the microstructures of each of the welds will be examined through
optical microscopy. An assessment of the degree of sensitization and susceptibility to
stress corrosion cracking in the UWFSWs compared to base metal and other welding
techniques will be made.

13
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III. Method
A. Material
The metallurgical test report certified the chemical analysis of the 304L stainless steel
plate used in this study to contain: 0.027 C, 18.112 Cr, 0.382 Cu, 1.526 Mn, 0.365 Mo,
0.075 N, 8.283 Ni, 0.029 P, 0.002 S, and 0.365 Si.
B. Arc Welds
Multiple pass arc welds were produced in 12 mm 304L plate to use as a baseline
comparison in the sensitization and SCC analysis. The plate’s edges were beveled to a
60o included angle prior to arc welding. A 308L stainless flux cored filler was used to
produce a dual phase austenite matrix containing 20-25% delta ferrite.
C. Underwater Friction Stir Welding
UWFSW was performed on a retrofitted Kearney and Trecker vertical mill (Figure 5).
The modified mill allowed for precise control of the spindle speeds, linear travel rate of
the spindle, and downward Z-axis force on the weld. A 3 ½ degree angle tilt of the tool
was maintained in all welds.
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Figure 5. Kerney and Trecker FSW machine

PCBN tooling with a 3.05 mm pin length and 25 mm diameter shoulder was used for all
testing (Figure 6a). A specially designed Tecnara™ liquid tool holder was utilized in
order to reduce heating of the mill’s spindle bearings. A recirculating ethylene glycol
chiller was used in conjunction with the tool holder to maintain a 15 oC cycle
temperature. An RF telemetry system was also employed to provide the ability to record
tool temperatures as welds were performed (Figure 6b). The oxide layer was
mechanically removed from the 304L plates before welding.
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a)

b)

Figure 6. a) PCBN tool b) Tool holder with RF telemetry system

A special water reservoir was secured to the top surface of the stainless plate prior to
welding. An acrylic rectangular box 19 cm wide, 101 cm long, and 5.3 cm high was
constructed without top or bottom. A double-sided sticky, adhesive tape was utilized to
secure the box to the 304L plate.

The temperature of the water was held constant in order to simulate a much larger body
of water. Tap water was used in all welds due to its availability and mild corrosional
affects. Gate valves and a pump were used to maintain a flow rate of 9.5 L/min (Figure
7). Approximately 7.5 L of water was held at roughly 11 oC during welding.
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Figure 7. UWFSW Configuration

All UWFSW were performed as bead on plate. This method was used for two reasons: in
order to keep the control volume of water from escaping through a butt joint; and the
difference between bead on plate and butted jointed friction welds are considered
minimal. A 3 mm pin length PCBN tool was used to prevent full penetration of the 6.3
mm thick plate.
1. Process Window
A process window was established for UWFSW in 304L stainless steel by varying the
three key parameters of FSW: spindle speed, linear travel rate of the spindle, and
downward Z-axis force (Figure 8). In total, 44 different sets of parameters were
explored.
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Figure 8. UWFSW Process

2. Tensile Testing
The back of the UWFSW plates were milled down leaving the 3 mm weld thickness.
UWFSW tensile coupons were removed from welded plates as well as benchmark base
metal samples. The samples were then pulled to failure in accordance with ASTM
standard E 8.49 A 100 kN MTS servo-hydraulic tensile machine with an incorporated 50
mm extensometer was used to perform tensile testing.
D. Sensitization Testing
1. Sample Preparation
Full weld thickness, 6.3 mm, coupons were cut out of the 304L plates. The coupons were
mounted in Bakelite and polished exposing the opposing sides in order to make electrical
contact on the front and back side of the sample. Each sample was then polished with a
320 grit silicon carbide abrasive disc immediately prior to testing.
2. Double Loop EPR Testing
The standards outlined in ASTM G 108 were largely used for testing with the exception
of the noted differences between single and double loop tests. A side mounting Princeton
19

Applied Research (PAR) flat cell, which utilizes a mesh screen platinum counter
electrode, was used for all EPR testing (Figure 9). A test solution was prepared by
mixing reagent grade 0.5 M H2SO4 + 0.01 M KSCN in reagent water. The solution was
prepared fresh daily for each set of four experiments. The test cell was partially immersed
in a preheated constant temperature bath of distilled water at 30 oC. A Princeton Applied
Research Model 273A potentiostat was used in conjunction with a Fisher Scientific
model 13-620-51 Saturated Calomel Electrode (SCE). The open circuit potential was
established before testing.

Figure 9. PAR flat cell

Powercorr software, made by Princeton Applied Research, was used for all
measurements. The sample surface was polarized anodically to a 300 mV potential at 6
V/h and then reverse scanned back to the open circuit potential (Figure 10). The potential
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vs. logarithmic current plots were displayed by the software. The peak current values, Ia,
and Ir were recorded for each scan and sensitization was evaluated according to the
current ratio, Ir/Ia and Table 1. The initial/final temperatures and voltages were carefully
monitored.

Figure 10. Potentiostat configuration

E. SCC Testing
1. Sample Preparation
The back and top of the UWFSW plates were milled down leaving the 3 mm weld
thickness. 15.25 mm wide by 10.2 cm long strips, centered on the weld, were water jet
cut out of the machined plate. Holes were also water jet cut in the ends of the strips in
order to accept an insulated tie bolt after bending. The width of each of the metal strips
was milled to 10 mm so that: 1) each sample was uniform in size relative to the other
samples, and 2) notch effects were reduced. The strips were bent in accordance with
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ASTM Standard G 30 (Figure 11), using a 33 mm radius die.50 The bend radius was
maintained with insulating bushings and stainless steel bolts. The u-bend sample edges
were polished to a 1200 grit surface finish to facilitate crack identification. After final
polishing the samples were degreased.

Figure 11. U-bend samples

2. Initial Test: Ambient Conditions
Initial evaluation of SCC resistance was assessed by an alternate immersion test in 3.5%
NaCl solution outlined in ASTM Standard G 44.51 A Ferris-wheel style corrosion wheel
was constructed to the specifications of the ASTM standard (Figure 12). The wheel ran
on a 1 hour cycle dipping the u-bend samples into the 3.5% NaCl solution for 10 minutes
and allowing them to dry the remaining 50 minutes. The cycle was run continuously for
1000 hours at approximately 21 oC. Distilled water was added daily to the 13 gallons of
saltwater to maintain solution concentration. The saltwater in the bin was changed every
7-10 days. Reagent grade NaCl was used with distilled water to produce the saltwater
solution. The PH of the solution was adjusted between 6.4-7.2 with reagent grade HCl
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and NaOH. Mild circulation of air was maintained in the testing area. The samples were
cleaned immediately following the 1000 hours to prevent further corrosion. Inspection of
SCC was performed through optical microscopy (10-30x).

Figure 12. Corrosion wheel

3. Secondary Test: 63 oC Control Volume
A secondary 1000 hour test was performed using the same u-bend samples. An insulated
control volume was constructed around the corrosion wheel of the primary test (Figure
13). A 2000 watt heater was placed in each end of the saltwater tank. The saltwater
concentration was maintained through an external distilled water tank and a float
mechanism installed inside the chamber. The saltwater was maintained at 67 oC and the
air of the chamber at 63 oC. The same test procedure of the initial test was followed
holding the samples in the solution for 10 minutes of every hour for a total of 1000 hours.

23

Figure 13. Insulating chamber enshrouding the corrosion wheel

4. Tertiary Test: Boiling NaCl Solution
A tertiary experiment was performed with the same u-bend samples. SCC was tested
using a boiling acidified NaCl solution as outlined in ASTM standard G 123.52 Four ubend samples of the same material parameter were tested simultaneously in the flask
(Figure 14). The test solution was 25% NaCl by mass, prepared by adding 1500 mL
reagent grade H2O to 500 g NaCl and then adjusting the pH to 1.5 with reagent grade
phosphoric acid (H3PO4). Approximately 1200 mL of test solution was added to the
flask. The u-bend samples were balanced upright in accordance with the ASTM
standard.52 Boiling chips were also added to the flask. The samples were individually
inspected after 6 hours, 12 hours, and subsequently on a daily basis. The solution pH was
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measured after test completion for each set of test parameters and changed on a weekly
basis.

Figure 14. Boiling NaCl solution testing
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IV. Results and Discussion
A. Process Window
A set of machine parameters outlining acceptable spindle speeds, linear travel rate, and
Z-axis force, was determined as shown in Figure 15. Approximately 44 different test
weld parameter sets were explored. The transverse metallographic specimens were
analyzed using optical microscopy to determine degree of consolidation. Welds
performed at higher spindle speeds resulted in less consolidation. Four fully consolidated
welds parameter sets were identified (Figure 15). A spindle speed of approximately 300
RPM, a Z force of approximately 44.5 kN, and a linear travel rate of 50-76 mm/min
produced sound welds.

Two of the four sets of parameters producing consolidated welds: 400 RPM, 76 mm/min,
44.5 kN; and 500 RPM, 76 mm/min, 44.5 kN, were selected for more in depth
microstructural, tensile, and corrosion analysis. Since the linear travel rate and Z force
were the same for both parameters of interest, distinguishment between the two sets will
be made in the remainder of this analysis simply by the differentiating rotational speeds,
400 and 500 RPM.

It is important to note that the values stated above are not optimized. A more thorough
analysis might be performed within this parameter window to determine the exact set of
welding specifications resultant in the best weld quality. Nonetheless, an effective

27

process window capable of producing sound, consolidated friction stir welds with a 3 mm
pin PCBN tool in 304L stainless steel underwater was produced.

Figure 15. Effectual process window as a function of spindle rotation speed, travel speed, and Z-axis
force in 304L stainless steel friction stir welded underwater

The surface finish of the UWFSW was very dark relative to the surface finishes produced
by conventional FSW in 304L shielded by argon (Figure 16). This is most likely due to
an oxidation reaction occurring between the hot plate surface and the water. Welds
produced at higher spindle speeds and linear travel rates tended to produce a fine steel
mesh flash at the surface of the weld as shown in Figure 16b.
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a)

b)

Figure 16. Typical 304L surface finish of: a) conventional air FSW shielded with argon b) UWFSW
produced at high spindle speeds

B. Evaluation of Microstructure
1. Optical Microscopy
Evaluation of weld soundness was made through optical microscopy of the weld crosssection. A map of the resultant microstructure similar to Figure 17 was made for each
weld. Welds were characterized by degree of consolidation, levels of sigma banding,
areas of sensitization, location of problematic areas to the surface of the weld, thickness
of the surface layer due to interaction with the quenching water, surface finish, and
tensile strengths.
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500 Rpm, 76 mm/min,
48.9 kN

Figure 17. Microstructure of an UWFSW performed at 500 Rpm, 76 mm/min, 48.9 kN. Locations of
individual microscopy pictures are referenced according to colors.

Figure 17 is a typical example of the incomplete consolidation seen in many of the welds
of Figure 15. The darkened areas in the lower middle picture of Figure 17 show the small
pinholes present in the weld. Sigma regions were observed in the dark areas of the upper
left picture and lower right regions of the weld nugget. The oxidation surface layer is
shown in the upper right picture. These regions will be more thoroughly discussed for
fully consolidated welds in the remainder of the results section.
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2. Sigma
Evaluation of the presence of sigma in austenitic 304L welds was performed using a
modified Murakami’s reagent and optical microscopy. It is proposed that a large
concentration of sigma is present in the advancing side of the friction stir processed
region.

An evaluation of sigma formation in an UWFSW performed at 300 RPM, 102 mm/min,
and 40 kN yielded the results shown in Figure 18. The weld shown was selected
primarily for its distinct oscillating pattern where sigma is believed to form (Figures 18b
and 18c). With the Murakami reagent, sigma is colored blue and austenite is colored
light brown as shown in Figures 18d, 18e, and 18f. The sigma particles are very small,
but a distinct blue tint is observable within the zigzags. Sterling confirmed the presence
of sigma throughout the darkened regions (Figures 18b and 18c) by performing SEM and
TEM microscopy analysis within similar localities in air FSW 304L.53

From the preceding analysis, it is believed that sigma has been identified in
FSW/UWFSW of 304L.
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Figure 18. Optical microscopy pictures of a UWFSW performed at 300 RPM, 102 mm/min, and
40kN showing a) 15x macroscopic cross-section view of the weld b) 100x sigma region etched by
oxalic acid c) 200x sigma switchbacks d) 100x blue coloring of sigma region from Murakami’s
reagent e) 500x blue sigma switchbacks f) 1000x blue colored sigma region.

3. Tensile Properties
The tensile properties of the UWFSWs relative to base metal are shown in Table 2. A bar
plot comparison of the average yield stresses, ultimate tensile strengths, and percent
elongations of Table 2 are displayed in Figure 19. The five specimen average ultimate
tensile strength of the 400 RPM and 500 RPM UWFSW exceeded the strength of base
metal 304L by approximately 6% and 2%, respectively. The 0.2% yield strengths of the
400 RPM and 500 RPM UWFSW exceeded base metal by approximately 10% and 8%,
respectively. The 400 and 500 RPM UWFSWs result in an approximate 14% and 32%,
respectively, reduction in elongation relative to 304L base metal.
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Table 2. Tensile strengths for 400 RPM UWFSW, 500 RPM UWFSW, and base metal 304L

304L
400 RPM 76 mm/min 44.5 kN
Coupon
0.2%
Ultimate Elong. in
#
Yield
Tensile 2 in. (%)
Stress
Stress
(MPa)
(MPa)

304L
500 RPM 76 mm/min 44.5 kN
Coupon
0.2%
Ultimate
Elong.
#
Yield
Tensile
in 2 in.
Stress
Stress
(%)
(MPa)
(MPa)

4A
4B
4C
4D
4E
Average
St. Dev.

5A
5B
5C
5E
5G
Average
St. Dev.

Coupon
#

B
C
D
E
F
Average
St. Dev.

367
344
325
347
373
351
19

669
638
629
646
671
651
19

304L
Base Metal
0.2%
Ultimate
Yield
Tensile
Stress
Stress
(MPa)
(MPa)
333
317
336
319
296
320
16

629
619
623
614
588
615
16

51.50
46.00
52.50
47.50
50.30
49.56
2.73

Elong. in
2 in. (%)

63.70
63.75
65.10
61.40
64.50
63.69
1.4
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346
334
344
332
374
346
17

643
624
623
609
638
627
13

34.00
33.00
32.50
30.00
28.00
31.50
2.45

700
600
500
400
300
200
100
0

70
60
50
40
30
20
10
0
0.2% Yield
Stress

Ultimate Tensile
Strength

Elongation (%)

Strength (MPa)

Mechanical Property Comparison
Base Metal
400 RPM
500 RPM
Series4

Elongation

Figure 19. Comparison of average yield stresses and ultimate tensile strengths in UWFSW and base
metal 304L

A two sample T-test statistical analysis of the material property means is shown in Table
3. The differences between the means, p-values, and significance for each two sample
comparison are shown. The yield stress and percent elongation were found to be
significant when comparing UWFSWs to base metal. The ultimate tensile strength while
significantly different between 400 RPM and base metal was not significant between 500
RPM and base metal. A comparison between the 400 and 500 RPM parameters showed a
significant difference in elongation, a possible significant difference in ultimate tensile
strength, and no significance in yield stress.
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Table 3. Two sample T-tests showing statistical significance of mechanical properties
Comparison
400 RPM-Base Metal

500 RPM-Base Metal

400 RPM-500 RPM

Property
Elongation
Yield Stress
UTS
Elongation
Yield Stress
UTS
Elongation
Yield Stress
UTS

Difference
-14.1
31.1
35.9
-32.2
25.8
12.6
18.1
5.3
23.3

p-stat
0.000
0.027
0.014
0.000
0.042
0.219
0.000
0.655
0.059

Significant
Y
Y
Y
Y
Y
N
Y
N
N

Despite relatively close differences in average strengths (Figure 19), individual failure
locations showed dissimilarities between the two UWFSW parameters. The 400 RPM
UWFSW tensile specimens failed outside the welded area in the base metal, while the
500 RPM UWFSW specimens broke within the weld itself. It is the author’s belief that
the fracture within the weld bead of the 500 RPM UWFSW resulted primarily from a
reduction in ductility caused by sigma embrittlement. Despite failing in the weld, the 500
RPM UWFSW still resulted in strengths slightly higher than base metal values. Ductility
was severely reduced in the 500 RPM UWFSW compared to the 400 RPM UWFSW
(Figure 19). This is further supported by examination of the 500 RPM welded fracture
surface. A reduction of dimple size and depth is seen in the upper region of Figure 20
compared to the lower region. It is proposed that these smaller dimpled regions where
ductility was reduced correlate with sigma presence.
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Figure 20. 500 RPM UWFSW SEM photomicrograph of fracture surface showing transition of
dimple sizes and depths

C. Sensitization
1. Double Loop EPR
The individual potential vs. log current plots were overlaid on the same plot for each test
parameter (Appendix). The current values tended to be less stable in the passivated
regions of these plots. However, the values remained stable around the peak currents of
each loop.

A peak current ratio, Ir/Ia, was calculated for each double loop test. Each ratio was then
averaged for three runs. The standard deviation between the different current ratios was
also computed. The results are shown in Table 4. The average sample current ratios for
each test parameter are compared using a bar plot as shown in Figure 21. Two samples
were tested for each of the UWFSW weld parameters.
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Table 4. Sensitization results categorized by material property
Material
Property
400 Rpm
UWFSW
ADV.

Position

Sample

Advancing

1

400 Rpm
UWFSW
ADV.

Advancing

2

400 Rpm
UWFSW
RET.

Retreating

1

400 Rpm
UWFSW
RET.

Retreating

2

500 Rpm
UWFSW
ADV.

Advancing

1

500 Rpm
UWFSW
ADV.

Advancing

2

500 Rpm
UWFSW
RET.

Retreating

1

500 Rpm
UWFSW
RET.

Retreating

2

Air FSW
ADV.

Advancing

1

Air FSW
RET.

Retreating

1

Base Metal

na

1

Base Metal

na

2

Base Metal
1250 F 1 Hr

na

1

Base Metal
1250 F 24
Hrs

na

1

Base Metal
1250 F 5 dys

na

1

Arc Weld

na

1

Ir
-306 mA
-235 mA
-237 mA
-398 mA
-290mA
-324 mA
-172 mA
-146 mA
-123 mA
-238 mA
-195 mA
-212 mA
-900 mA
-760 mA
-672 mA
-802 mA
-561 mA
-652 mA
-335 mA
-193 mA
-343 mA
-401 mA
-328 mA
-262 mA
-135 mA
-131 mA
-113 mA
-40.0 mA
-35.6 mA
-15.4 mA
-38.2 mA
-11.4 mA
-26.2 mA
-18.3 mA
-16.6 mA
-8.9 mA
-117 mA
-136 mA
-126 mA
-189 mA
-202 mA
-168 mA
-386 mA
-314 mA
-212 mA
-33.9 mA
-33.8 mA
-34.9 mA
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Ia
-38.2 mA
-38.7 mA
-40.9 mA
-39.0 mA
-37.4 mA
-36.8 mA
-37.4 mA
-36.9mA
-36.2 mA
-36.4 mA
-38.0 mA
-35.7 mA
-38.7 mA
-37.4 mA
-36.0 mA
-38.3 mA
-36.1 mA
-35.7 mA
-33.9 mA
-31.8 mA
-32.5 mA
-33.7 mA
-33.0 mA
-33.9 mA
-35.0 mA
-36.1 mA
-35.3 mA
-32.8 mA
-34.3 mA
-33.9 mA
-35.6 mA
-35.0 mA
-38.0 mA
-31.4 mA
-32.8 mA
-33.9 mA
-33.6 mA
-34.5 mA
-33.8 mA
-33.8 mA
-34.3 mA
-34.3 mA
-37.8 mA
-35.4 mA
-36.9 mA
-39.1 mA
-39.0 mA
-37.1 mA

Ir/Ia
0.0080
0.0061
0.0058
0.0102
0.0078
0.0088
0.0046
0.0039
0.0034
0.0065
0.0051
0.0059
0.0232
0.0203
0.0187
0.0209
0.0155
0.0183
0.0099
0.0061
0.0106
0.0119
0.0099
0.0077
0.0038
0.0036
0.0032
0.0012
0.0010
0.0005
0.0011
0.0003
0.0007
0.0005
0.0005
0.0003
0.0035
0.0039
0.0037
0.0056
0.0059
0.0049
0.0102
0.0089
0.0057
0.0009
0.0009
0.0009

Std Dev

Average

0.0012

0.0066

0.0012

0.0089

0.0006

0.0040

0.0007

0.0058

0.0023

0.0207

0.0027

0.0182

0.0024

0.0089

0.0021

0.0098

0.0003

0.0035

0.0004

0.0009

0.0004

0.0007

0.0001

0.0004

0.0002

0.0037

0.0005

0.0055

0.0023

0.0083

0.0000

0.0009

Figure 21. Sensitization bar plot comparing average current ratios for each material property

The transitional value of 0.001 between step and dual microstructures is shown as a
horizontal dotted line in Figure 21. The ditch line of 0.05 is not shown because of the
relatively low sensitization values that were seen. In spite of the relatively low peak
current ratio values shown, the sensitization values seen in the UWFSW specimens are
very large relative to heat treated base metal samples.

Despite the efforts made to control variations, the average current ratios obtained for each
sample exhibited slight differences (Figure 21). This is likely due to difficulties in testing
the exact same sample surface area each time the sample was tested. This is perhaps, one
shortcoming of using the side-mounted Princeton Applied Research flat cell. Regardless,
the differences seen between the two samples are relatively small and the two runs could
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easily be averaged. The samples were not averaged here to indicate the errors in
repeatability from sample to sample.

The current ratio values of the base metal and heat treated base metal samples in Table 4,
analyzed here as a benchmark, seem to correlate well with the double loop EPR results of
Grubb, J.F et al.4

The current ratios of the FSW show a much higher degree of sensitization present in the
advancing region of the weld compared to the retreating region. This degree of
sensitization difference between weld regions is in agreement with the work of Park, et
al.30 Their research attributed the sensitization dissimilarity between the two sides of the
weld to the presence of the sigma phase.

After further microstructural analysis of the welds was performed (Section 2), deeply
sensitized regions were found in welds exhibiting fairly low double loop current ratios.
The relatively large sampling area (1 cm2) of double loop EPR sensitization testing seems
to inhibit universal quantification of localized sensitization regions found in welds. The
very small deeply sensitized regions, such as the sensitization bands of the UWFSWs and
the HAZ of the arc welds, have little affect on the overall sensitization level of the much
larger 1 cm2 sampling area.
2. Analysis of Microstructure
2.1 400 RPM UWFSW
Oxalic acid electro-etching and optical microscopy allowed identification of sensitized
regions in the 400 RPM UWFSW. An upper and lower horizontal band was observed to
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contain sensitized grain boundaries. Sigma banding was observed and the grains near
these sigma regions experienced very mild levels of sensitization. In contrast with arc
welding, the HAZ regions of the UWFSW exhibited very little if any sensitization. The
sensitization bands were located well beneath a protective layer of base metal with a
refined grain size.

Figure 22a shows the presence of the upper and lower sensitization bands in the
microstructure of a 400 RPM UWFSW. The structure of the lower sensitization band
could clearly be classified as a dual sensitized microstructure as shown in Figures 22b
and 22c. The level of grain boundary sensitization observed is mild compared to the
degree of sensitization seen in the upper sensitization band (Figure 22d). Portions of the
upper sensitization band show severe sensitization, and would easily be classified as a
ditch sensitized microstructure (Figure 22e). The upper sensitization band shows very
distinct boundary transition lines from sensitized to unsensitized grain boundaries
(Figures 22f and 22g). The transition in the lower band is less distinct, covering a larger
area, but with much lower peak sensitization levels.
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Advancing
f)

j)

g)
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Sensitization
Band
d) & e)
Lower
Sensitization
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i)

c)
b)

Sigma
Banding

h)

a)

b)

c)

d)

e)

f)

g)

h)

i)

j)

Figure 22. 400 RPM UWFSW cross-section conveying: a) 15x macroscopic view, upper and lower
sensitization bands in red b) 500x advancing side above sigma in lower sensitization band c) 500x left
end (retreating) of lower sensitization band d) 200x darkest portion of upper sensitization band e)
500x middle of the upper sensitization band f) 200x lower left side of upper sensitization band g) 200x
top of sensitization band h) 500x sigma bands i) 500x advancing HAZ j) 500x advancing side above
upper sensitization band
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Sigma banding was found at the base of the weld (Figure 22a). Very little sensitization is
seen at the grain boundaries in this region (Figure 22h). Many of the grain boundaries in
the vicinity of the sigma band exhibit a step structure, showing no ditches whatsoever.
The formation mechanisms between sigma and chromium carbides appear to be
dissimilar.

It has been proposed that sigma is formed during static recrystallization from weld
cooling.54 During cooling, chromium is homogeneously usurped over a vast region
where sigma coalesces. Although chromium is appropriated from these donating regions,
the minimum stainless steel chromium content of 12% is maintained. This is contrasted
with chromium carbide formation where chromium depletion is highly localized near the
grain boundaries. The minimum 12% stainless chromium content is not retained in the
depleted regions adjacent to the grain boundaries leaving them sensitized to Intergranular
Corrosion (IGC).

The advancing side HAZ of the UWFSW, located near the region of most severe
sensitization, shows no signs of sensitization (Figure 22i). This is in sharp contrast with a
typical arc weld where the HAZ is usually the region of most severe sensitization.

The sensitization bands present in the 400 RPM UWFSW are located completely
subsurface. The structure of the dark layer between the upper sensitization band and the
surface is base metal with a refined grain size (Figure 22j). The greatest concern that IGC
poses in engineering applications, is to inhibit the protective capacity of the chromium by
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sensitizing the grains as the chromium diffuses out to the grain boundaries. If the
sensitization occurs completely subsurface as it does in these welds, the propensity for
IGC to occur due to chromium depletion is virtually eliminated. In effect, the upper layer
of chromium bearing steel would have to be removed, via the effects of other forms of
corrosion, or mechanical means, before the corrosion susceptible microstructure would be
problematic.

A sensitized HAZ region of any arc weldment is ultimately exposed to the surface. This
region of the weld is continuously exposed, making the material more susceptible to
immediate corrosion and eventual failure. A subsurface sensitization region, such as the
one seen in the UWFSWs, which is concealed well below the surface, would not
experience the same potential for failure.
2.2 500 RPM UWFSW
A similar evaluation of microstructure for the 500 RPM UWFSW is made in Figure 23.
The upper and lower sensitization bands were identified, although the upper sensitization
region is much larger in the 500 RPM UWFSW. Slightly higher sensitization levels are
observed between sigma bands. In contrast with the 400 RPM UWFSW, a sigma region
is found in the upper sensitization band in the 500 RPM UWFSW. The larger
sensitization bands of the 500 RPM UWFSW are once again located safely beneath a
protective layer. The oxidized surface seen in UWFSW is identified in the 500 RPM
weld microstructure.
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Figure 23. 500 RPM UWFSW cross-section conveying: a) 15x macroscopic view, upper and lower
sensitization bands in red b) 200x sigma bands c) 500x sigma bands d) 500x advancing side above
sigma in lower sensitization band e) 200x darkest portion of upper sensitization band f) 500x middle
of upper sensitization band g) 200x far right arm of upper sensitization band h) 500x left end
(retreating) of lower sensitization band i) 500x advancing side above upper sensitization band j) 500x
surface layer created by rapid cooling of weld

44

Upper and lower sensitization bands were identified in the 500 RPM UWFSW similar to
the 400 RPM UWFSW (Figure 23a). The upper sensitization band of the 500 RPM
UWFSW shows a heavily sensitized ditch structure (Figure 23b). The much larger upper
sensitization band is likely caused by the higher heat input of the higher revolutionary
tool speed. Additionally, the 500 RPM weld possesses a much longer and more severely
sensitized arm that proceeds up the shoulder of the advancing side of the weld (Figure
23c). Nonetheless, the maximum sensitization level of the lower sensitization band is a
dual structure (Figures 23d and 23e).

Slightly higher levels of grain boundary carbides compared to the 400 RPM weld (Figure
22h) can be seen between the sigma bands of the 500 RPM UWFSW (Figure 23f). It is
still likely that the sensitization levels near the sigma regions are being controlled by the
lower chromium concentrations due to sigma formation. The sigma bands are more
pronounced in the 500 RPM weld and extend higher up in the welds as the individual
striations are longer (Figures 23a and 23g).

Another major difference between the two different weld parameters is the presence of
sigma in the upper sensitization band of the 500 RPM weld (Figure 23h). The sigma
forming at the base of the weld looks as though it has been stirred into a swirling pattern
out from the center. Unlike the striation-like banding pattern usually formed by sigma at
the base of 304L welds, the sigma present in the upper band, seems to take more of a
cluster-like form. Generally, the grains immediately adjacent to the upper sigma region
are not as sensitized as those a few grains away.
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Like the 400 RPM weld, a thick buffer of base metal with a refined grain size is retained
above the upper sensitization band in the 500 RPM UWFSW (Figure 23i). This buffer of
unsensitized grains is not quite as thick as that seen in the 400 RPM weld but would still
adequately protect the sensitized areas beneath it.

A dark oxidized layer is found at the surface of the 500 RPM UWFSW (Figure 23j). This
surface layer is likely caused by the oxidizing reaction of the high temperature steel with
the oxygen and hydrogen in the water. This surface layer is thicker in the 500 RPM weld
compared to the 400 RPM weld. More analysis of this surface layer would be
appropriate in future research to determine its material properties and corrosive
resistance.
2.3 Ambient FSW
The advancing side sensitization behavior of a FSW conducted in an argon shielded
atmosphere at 400 RPM, 76 mm/min, 44.5 kN, was found to be approximately half of the
advancing side 400 RPM UWFSW (Table 4). The retreating side of the ambient FSW
resembled base metal sensitization levels. The FSW microstructure is further analyzed
through Figure 24.

An upper and lower sensitization band was identified in the upper advancing region of
the ambient FSW. The sigma banding was found to be much larger in the FSW
comparative to the previously analyzed UWFSWs. A much larger and more severe
sigma cluster was found in the upper advancing region of the FSW. The sensitization
regions are once again located beneath a protective layer of base metal.
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Figure 24. 400 RPM FSW cross-section conveying: a) 15x macroscopic view, sensitization regions
shown in red b) 200x sigma bands c) 500x sigma bands d) 200x upper arm of advancing side showing
the end of the sensitization band e) 200x left extreme of the upper sensitization band f) 500x upper
sensitization band above sigma glob g) 500x advancing side above upper sensitization band

Upper and lower sensitization bands were identified in the upper advancing region of the
FSW. The grain boundaries within these regions clearly denote sensitized grain
structures (Figures 24b, 24c, and 24d). However, the deeply sensitized grain boundaries
seen here cover a much smaller area when compared with similar areas of the UWFSWs.
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This is likely due to the large sigma cluster present in the upper advancing region of the
weld near the sensitization bands.

Much longer and more defined sigma bands are seen in the ambient FSW compared to
the UWFSWs (Figures 24a, 24e, and 24f). The expanse of the region defined by the
larger sigma bands seems to eliminate the propensity for a lower sensitization region to
form in the lower advancing region of the weld.

A much larger sigma cluster is found in the upper advancing region of the ambient FSW
relative to the UWFSWs. It appears that the formation of this well defined sigma cluster
in the upper sensitization band limits the breadth of the sensitization regions. It is likely
however that the size of the sigma cluster present in the FSW would cause some sigma
embrittlement of the weld. This would ultimately affect the overall strength and ductility
of the weld. Sigma was already determined to cause a slight decrease in overall strength
of the 500 RPM UWFSW and the sigma levels present there were much smaller than
seen in this ambient FSW.

The sensitization of the grain boundaries in the air FSW is again concealed well beneath
the surface as shown by the base metal like grain properties of Figure 24g. The argon
shielded FSW results in a homogeneous surface layer dissimilar to the oxidized finish of
the UWFSWs (Figure 24a).
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2.4 Arc Weld
The Partially Melted Zone (PMZ) of an arc welded 304L sample is shown in Figure 25.
The PMZ band is relatively narrow compared to the sensitization bands found in the
FSWs. The austenite base metal is shown in the upper left corner, and the darker filler
metal can be seen in the lower right corner. The structure of the grain boundaries appears
to be a ditch structure over the space of a few grains in length. The finite area of the
sensitized region is evident by the results of Table 4.

Figure 25. 500x optical microphotograph showing HAZ region of an arc weld in 304L

According to Table 4, the arc weld is only slightly more sensitized than base metal. This
is primarily due to the macroscopic nature of testing using EPR testing. A square
centimeter is much larger than the 300 μm width of the PMZ. The slightly augmented
sensitization levels of the arc weld, relative to the base metal, is indicative of only the
very narrow, acutely sensitized PMZ regions. The deeply sensitized PMZ regions
comprise a small fraction of the tested area. Hence the overall sensitization levels in the
arc samples largely resemble those of base metal.
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The real pitfall however of the arc weld technique, is the continuous nature of the
severely sensitized region throughout the cross-section of the weld. Spanning from
surface to surface of the plate on both side of the weld, the PMZ of the arc weld in effect
becomes a weakest link failure mechanism, ultimately resulting in relatively rapid
corrosion of these few chromium depleted grains adjacent to the weld.
D. Stress Corrosion Cracking
1. Initial Test: Ambient Conditions
The initial 1000 hour NaCl cyclic immersion test at room temperature produced no
cracking in the u-bends. The only visible results produced were general corrosion of the
u-bends, and severe pitting behavior present in both an arc welded sample and a friction
stir processed arc weld sample, shown in Figures 26a and 26b respectively.

a)

b)

Figure 26. Pitting corrosion seen in a) an arc welded u-bend b) a friction stir processed arc weld ubend

According to Figure 1, cracking does not occur in 304L stainless steel base metal under
50 oC. The results produced here show that cracking is not likely even in welded samples
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held at 21 oC. This is true for variations in arc welded samples as well as friction stir
welded samples. However, under room temperature conditions of approximately 21 oC,
304L stainless specimens having undergone an arc welding process exhibited a higher
propensity for pitting corrosion than similarly manufactured FSW specimens.
2. Secondary Test: 63 oC Control Volume
The secondary NaCl cyclic immersion test, conducted at approximately 63 oC inside the
insulating control volume, produced no visible cracks in any of the u-bends. The samples
were examined both visually and through optical microscopy. The specimens showed a
much higher degree of general corrosion with minor pitting as shown in Figure 27.

The corrosion susceptibility of the arc welded and FSP arc welded samples is shown by
Figures 27a and 27b respectively. The air FSW samples proved more susceptible to the
effects of uniform corrosion in this more severe elevated temperature test as can be seen
in Figure 27c. The UWFSWs showed little general corrosion resembling the corrosion
behavior of base metal samples (Figures 27d and 27e). Corrosion in UWFSWs only
occurred near the insulated tie bolt, away from the weld. This was due to a galvanic
effect produced from ionic salt water solution acting as a bridge between similar but
indubitably different corroding stainless steels.
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a)

b)

c)

d)

e)

Figure 27. Resultant corrosion behavior of 304L u-bend specimens after secondary NaCl cyclic
testing (63 oC) . Macroscopic views of: a) arc weld b) friction stir processed arc weld c) air friction
stir weld d) 400 RPM UWFSW e) base metal

According to Figure 1 SCC occurs in 304L above 50 oC. The necessary time and
conditions for this occurrence however are not specified. SCC has been known to
transpire at these temperatures. In this analysis, SCC was not found in u-bends tested at
63 oC for 1000 hours, well above the specified 50 oC minimum. The u-bend samples,
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having undergone an initial 1000 hour NaCl cyclic immersion test at room temperature,
were arguably more susceptible to SCC formation. In addition, the u-bends of this
analysis were likely more susceptible to SCC due to being previously welded. The SCC
resistance shown by the welded u-bend samples demonstrates the severe conditions and
time requirements necessary for stress corrosion cracks to form in austenitic stainless
steels. In this progressive secondary 1000 hour step of the SCC experimentation, the
welded u-bends proved to be no more susceptible to stress corrosion cracking than base
metal. Further testing would be required to determine if after more time, cracking would
occur in either base metal or welded samples in like conditions.

A similar corrosion test was conducted by Kivisakk, U. H., et al., where u-bend
specimens of differing alloys of stainless were tested in a 0.1 wt% chloride solution for
1000 hours at different temperatures.7 Specifically, three 304L samples were tested at
each temperature: 40, 60, 100, and 125 oC. These results are presented here in Table 5.
Only one 304L u-bend sample experienced cracking. This sample was exposed to 125 oC.
Crevice corrosion however was seen as low as 60 oC in their testing. The absence of
SCC at lower temperatures seems to be very much in line with the results seen in this
analysis, although variations in crack times would be expected on account of testing of
welded parameters as performed here. This would explain the even lower temperatures at
which pitting and crevice corrosion occurred in this analysis comparative to the results
presented in Table 5.
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Table 5. Ratio of cracked samples experiencing SCC as a function of temperature after 1000 hours
of testing in a 0.1 wt% chloride solution7

3. Tertiary Test: Boiling NaCl Solution
In the tertiary SCC experiment, where the same u-bends were placed in a boiling solution
of 25% NaCl by mass, SCC was observed. The results of this tertiary test are shown in
Table 6. The u-bend weld parameters with corresponding time to cracking are listed. A
bar plot showing a graphical comparison of the cracking times for each parameter is
shown in Figure 28.

UWFSW and arc welds in 304L exhibit SCC after approximately 12 hours of exposure.
However, it is important to remember, that these were the same samples that were
exposed to the previous two 1000 hour cyclic immersion tests. Hence, this is actually the
third progressive step in SCC tests and the results presented here should not be directly
compared to future work where u-bends might be tested solely through boiling solutions.
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Table 6. Time for SCC to occur in a boiling 25% NaCl solution for various u-bend test specimens
having undergone a previous 2000 hours in cyclic immersion testing
Sample Property

Base Metal

400 RPM UWFSW

500 RPM UWFSW

Time To Crack, Days

Arc Weld

Sample #
E
A
D
G
I
J
3
4
8
9
1
6
7
10
13
14
19
22
AC1
AC2
AC4
AC5

Time to Crack (Days)
2
2
5
3
3
2
0.5
0.5
0.5
0.5
1
0.25
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0
Base Metal

500 RPM
UWFSW

Arc Weld

400 RPM
UWFSW

Air FSW

Figure 28. Time to crack for u-bends in boiling 1.5 pH NaCl testing
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Further examination of the results of Figure 28 through crack location profiling showed
major differences between UWFSW and arc welds. The u-bends were electro-etched
with 10% oxalic acid to expose the locality of the crack relative to the weld. An etched
u-bend showing the weld and crack location in a 400 RPM UWFSW (Sample 10) is
shown in Figure 29.

Figure 29. Crack locality to weld bead location in a 400 RPM UWFSW u-bend

Interestingly, the crack occurs in the base metal well outside of the weld bead and HAZ.
The crack location is well removed from the sensitized region found in the sensitization
results, where susceptibility to IGSCC is expected to be highest. This phenomenon is
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further supported by examination of Figure 30, where the various locations of SCC are
shown in reference to the weld bead of a 500 RPM UWFSW (Sample 19).

a)

b)

e)

c)

d)

f)

g)

Figure 30. Crack locality to weld bead location in a 500 RPM UWFSW u-bend
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It is important to note that all the pictures shown in Figure 30 were taken at a 100x
optical magnification with the exception of the crack in the weld bead (Figure 30c).
Figure 30c was taken at 50x in order to show the location of the crack within the bead.
SCC occured in the sensitized region of the advancing side of the weld, which is likely
the most susceptible region (Figure 30c). However, the tendency for SCC to occur here
may have been greatly magnified by partial machining of the protective unsensitized base
metal like layer found present in the 500 RPM sensitization analysis. More importantly
though, is the propensity for crack initiation throughout the entire u-bend. The UWFSW
region does not appear to exhibit a higher susceptibility to fail via SCC than 304L base
metal.

The cracks of the arc welds all appeared within the weld nugget and HAZ. Crack
localities, with reference to the arc weld nugget, are presented in Figure 31. Both surface
and subsurface cracks were found at various locations within the weld nugget. The
pictures shown in Figure 31, while a good representation of the cracking behavior present
within the weld nugget, do not accurately quantify the number of cracks actually present.
More small internal cracks exist in the arc welded u-bends than can be displayed in this
analysis.
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Figure 31. Crack locality to weld bead location in an arc welded u-bend

Pitting is seen in several of the pictures in Figure 31. Any holes or discontinuities present
in arc welds would exacerbate the presence and severity of pitting in arc welds.
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Figure 32 shows laboratory test results from ASTM Standard G 123 in 304 stainless
steel.52 A large degree of lab to lab variance in time to crack is demonstrated here with
some tests resulting in cracks within 6 hours and others taking up to 21 days.

Figure 32. Time to crack for 304 stainless steel u-bends in 1.5 pH NaCl testing52

Due to the progressive nature of the SCC u-bend tests in this analysis, a direct
comparison with the results of the ASTM standard shown in Figure 32 cannot be made.
However, all of the u-bend crack times tested in this analysis clearly fall within the limits
of Figure 32. It is proposed that the differences in average cracking times found in the
welded and base metal u-bends of this analysis are resultant from the residual stresses
created in the plate after welding. An analysis of the residual stresses found in post
welded plates and their effect on SCC would be appropriate for future research.
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V. Conclusions
An effective procedure and process window producing sound underwater friction stir
welds (UWFSW) in 304L stainless steel using a PCBN tool was developed. Two weld
parameters run at 400 and 500 RPM, 76 mm/min, 44.5 kN were distinguished throughout
this analysis by the differentiating rotational speed, i.e. 400 and 500 RPM. Based on
examination of these two parameters, the following conclusions were made:
Microstructure


The UWFSW process resulted in a dark surface finish as a result of the oxidation of
the steel.



Subject to the limitations of this study, a significant reduction in sigma was found in
UWFSWs compared to ambient FSWs. However, very fine FSW grains make optical
identification difficult.



Statistically, the tensile properties of UWFSWs compared to base metal produced
significantly: higher yield strengths, lower percent elongations. The ultimate tensile
strength was significantly higher in the 400 RPM UWFSW while insignificant in the
500 RPM UWFSW relative to base metal.

Sensitization


Sensitization within the stir zone of UWFSWs and FSWs was found to be localized.
Upper and lower sensitization bands were identified in the UWFSWs using oxalic
acid etching.
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The relatively large sampling area of double loop EPR sensitization testing inhibits
universal quantification of localized sensitization regions found in welds.



The corrosion susceptible sensitization bands of the UWFSWs are located entirely
subsurface.

Stress Corrosion Cracking


The UWFSW u-bends were no more susceptible to SCC than base metal in 3.5%
NaCl 1000 hour cyclic immersion tests at 21 oC and 63 oC.



Arc and FSW u-bends exhibited accelerated crack times compared to base metal ubends in the 25% NaCl boiling test.



It is hypothesized that the reduced cracking time in the UWFSW u-bends is caused by
residual stresses.



Arc welded u-bends cracked entirely within the weld bead and HAZ. UWFSW ubends showed no cracking localization.
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VI. Recommendations
The work presented here is a good start in understanding corrosion location and behavior
of both FSW and UWFSW. The following work might be performed to better understand
many implications of this analysis:
-

An investigation of how a modified weld setup allowing full penetration welds
would affect the quantities/locations of sensitized grains and sigma.

-

An analysis of the corrosion resistance and material properties associated with the
oxidized surface layer seen in UWFSW.

-

Evaluating the affect of different tools/alloyed stainless steels on sigma
concentrations and degree of sensitization.

-

Assessment of potential disparities due to implementation of UWFSW in seawater
as opposed to the freshwater used here.

-

An analysis of the effects of residual stresses on SCC in welded plates.

-

Testing fresh u-bends using solely the boiling NaCl test to better ascertain the
exact cracking time rather than the progressive testing time of this analysis.
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Figure 33. 400 RPM Advancing Sample 1 Double Loop Test
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Figure 34. 400 RPM Advancing Sample 2 Double Loop Test
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Figure 35. 400 RPM Retreating Sample 1 Double Loop Test
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Figure 36. 400 RPM Retreating Sample 2 Double Loop Test
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Figure 37. 500 RPM Advancing Sample 1 Double Loop Test
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Figure 38. 500 RPM Advancing Sample 2 Double Loop Test
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Figure 39. 500 RPM Retreating Sample 1 Double Loop Test
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Figure 40. 500 RPM Retreating Sample 2 Double Loop Test
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Figure 41. 400 RPM Air FSW Advancing Double Loop Test
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Figure 42. 400 RPM Air FSW Retreating Double Loop Test
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Figure 43. Base Metal Sample 1 Double Loop Test
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Figure 44. Base Metal Sample 2 Double Loop Test
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Figure 45. Heat Treated at 1250 oF for 1 Hour Double Loop Test
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Figure 46. Heat Treated at 1250 oF for 24 Hours Double Loop Test
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Figure 47. Heat Treated at 1250 oF for 5 days Double Loop Test
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Figure 48. Arc Welded Double Loop Test
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